We present heavy ion and proton upset measurements, including total dose, and d t s p b e n t damage on a one micron, GaAs, complementary-hetemstructure insulated-gate FET (C-HIGFET) lk x 1 SRAM. SEU characteristics show a two order of magnitude improvement over GaAs MESFET technology.
I. INTRODUCTION
The GaAs 1K x 1 SRAM examined in this work is based upon a deltadoped complementary-heterostructure msulateed-gate field effect bansistor (C-HIGFEIJ technology developed by Honeywell [l] . It combines the low-power characteristics of a complementary cell type with the high speed and total ionizing dose immunity of GaAs. With a static power of 183 mW and an access time of less than 3 ns it is a promising low power solution to the high data throughput needs of fiber optic busses operating at rates approaching 1 GBps.
Conduction is provided in the ndevice by a hvodmensional electron gas formed at the AlGaAs -InGaAs interface. The channel is created fiom a discontinuity in the conduction energy band at the undoped AlGaAs -InGaAs interface.
Very high mobilities for electrons are achieved in the twodimensional gas due to the lack of impurity scattering. It is also similar to CMOS technology in that the AlGaAs layer in the device isolates the gate from the channel for biases below V, = 1.3 V. The I SFA Inc., Landover, MD 20785 C-HIGFET technology provides a voltage swing 2-3 times larger than GaAsmMEsFET.
Hughlcck et. al. presented the first indication of heavy-ion SEU characteristics for ths technology with a 4-bit latch [2] . We present a complete mnge of heavy-ion results obtained at the Brookhaven National Laboratories Tandem Van deGM. 84 MeV boron, 140 MeV fluorine, 265 MeV nickel, 160 MeV gold, and 350 MeV gold were used in the investigation and clearly delineate, with good statistics, the cross section versus LET relation. In addition, comprehensive proton test results obtained at the University of W o m i a Davis Cyclotron are reported 63 MeV protons were used and lower energies were obtained with the use of lexan degmders. The two data sets are used as the basis for predicting orbital SEU rates in low earth ohit. The SEU rates are approximately two orders of magnitude lower for the C-HIGFET in companson to various GaAs MESFET technologies [3] . Pat #2-5 had a limiting cross section of 1.8~10-'~ cm2/bit and an onset threshold of appro?cimately 20 MeV. The data for all m at a given energy has been combined and the error bars contain the counting statistics and the uncertianties in the fluence. No evidence for multiple upsets was found. The curve shown in Figure 1 is a Weibull fit to Part #26 with the shape parameter set to one, ie. an exponential with an offset. The Weibull curve has been suggested for use in fitting heavy ion data [4] . It is shown here to show that it may also apply to proton data.
II. PROTON RESULTS

Roton SEU
These devices continued to operate with stable leakage currents alter a proton dose of 5 MRad(Si). Previous work has already shown this technology to be hard to 250 MRad(Si) with CO@' '""r ---- MeV/mg/cmz. SPICE simulaiions were performed and the critical charge was found to be strongly dependent on the current souroe time constant. The critical charge is 50 C when a time constant of 0.1 llsec is used which corresponds to the internal time constant of the memory cell. This critical charge is related to the onset LET as it represents the minimum charge collection requued to produce an upset. The depth of the active device from the top of the channel to the semi-insulating GaAs layer is 0.5 microns. Since the device upsets at an LET of 1 MeV/mg/rmz , which corresponds to 17 fcum, the active region must extend down into the semi-insulating GaAs layer. This corresponds to a 3 um active depth which is the carrier e o n length in GaAs. This collection depth assumes no enhanced charge collection is occurring. The upset cross section could be reduced further in this technology by introducing a boundary layer or a reduced &er Metime buffer layer to prevent charge collection from the semi-insulating GaAs layer. This approach is supported by the dependence of cross section on NEL, in Figure 2 . Due to the two-dimensional nature of the conduction layer this barrier could be as close as 0.1 um f?om the top of the channel.
IV. BITUPSETRATES
Previous work has presented results on the SEU vulnerability of various GaAs MESFET technologies [3]. The predicted proton and heavy ion upset rates on the C-HIGFET technology are 5.9 x 10" errowbitday and 1.5 x 10" errowbitday for a 600 nmi 63" ohit during solar minimum. This is a two to three order of magnitude improvement over GaAs MESFET technology. Due to multiple flips and back flips an equilibrium condition Wiu be reached where the number of upsets will be representative of the total number of cells which are upsettable. In our case, si ne the cross section for a 0 to 1 upset is the same as for a 1 to 0 upset, we would expect an equhibrium value less than 512 f 12 aocording to the binomial distriiution if there were a sigmficant number of cells which could not be upset,
Our results are provided in Figure 5 and show that as the fluence is i n d to a level where each cell has been upset an average of 4 times, an equilibrium alndition of 5 12 upsets is reached. This indicates that all cells are upsetable at an LET of 2.5 MeV/mg/cm', a value well below the 50% LET of 6.8 MeV/mg/cm'. This implies that the cross section m e is measuring a probability distribution that applies to all cells rather than an integral of a cell sensitivities. While our results show this to be case for this device, it may not be true for devices with a more gradual ascent h m onset threshold to saturation. Other devices should be investigated to determine whether our result is true in g e n d .
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Our result can be understd using Poisson statistics. The probabity that a cell will upset x number of times is given by:
and CJ isthecrosssection L i -I , I , , f 140MeVF
and 0 isthefluence.
Assuming that upsets OCCUT randomly with equal probabities for 1-td) and 040-1 transitions and that all cells have the
VI. ADDITIONAL, HEAVY ION ANAL.YSIS
same cross section, the probabiity ofmeasuring an upset after a given fluence is the sum of the probabilities of 1,3,5 ,... upsets. Even numbers of upsets are not included as they result in the restomtion of the origmal state. Thus the total probability of measuring an upset in a single cell is given by the following infinite series:
The analytjc solution to this series is:
From the heavy ion data of Figures 3 and 4 , we note systematic irregulanfies associated with the individual ion species. The irregulanties are more obvious when plotted on a linear scale in Figure 6 . While adjusting for various thickness of dead layer and active depth will tend to bring the gold and nickel data closer together it cannot resolve the observation that the cross section increases with incident angle for a constant effective LET. T~aditionally data taken at angles is nofmalized back to the normal incident case with a as@) ktor. The LET is divided by cos(@) to obtain an &&e LET and the fluence is multiplied by ax@) to obtain the fluence incident on the surface of the device. This works as long as the devices sensitive depth is small compared to its other sensitive dimensions. 
(3)
Multiplying this times the numbef of cells should give the number obwvd upsets versus fluence:
I-e-2N
upsets(N) = C F (4)
where c isthenumberofcells.
The curve in Figure 5 is a fit of equation (4) In many modem devices the active site is a three dimensional volume of unknown dunensions where the dqth is cross section is equal to the number of upsets divided by the number of@cles perunitin the beam and the ner z sita in mg 0.8X10" s i @ m compared to the other dimensions. In these cases one way to determine the geomeby is to meaSure the cross section as a function of angle. If the active depth is larger than the other dunensions we would expect the cross section to increase with angle. Conversely it should decrease with angle when the depth is small compared to the other dimensions. Also, if the site were a sphere we would expect the cross section to be independent of angle.
LET corrected for 1 um Polyimid, 1 um Si,N,, and 1 um SiO,, and averaged over a 3 um GaAs layer.
Next the actual LET in the active region was calculated, not the effective LET. A 3 um active layer was assumed and is reasonable based on the threshold LET and a critical charge of 50 fc. Using This exercise removed the systematic irregulanties as can be Seen in Figure 8 and Figure 9 where the data is plotted on a log-linear scale. While the cross sections appear more consistent the remaining discontinuities which are largest at low LET'S must be due to variations in the cross section as a function of angle. It should also be noted that the rise to saturation is much steeper which is consistent with our earlier observation that there was vey little variation in the cell sensitivities.
Assumptions must be made concerning the geometty of the sensitive site when performing upset rate calculations. This device shows that for many modem technologies the mditional two-dimensional assumptions may not be appropriate. In these cases it may be neceSSilly to determine the geometry by measuring the dependence of the cross section on incident angle. Also any assumptions concerning the geometry must agree with such measurements. While it is usually not possible to make these measurements at all angles they do not require any assumptions concerning the upset geometry or upset mechanism However, any assumptions which are made should agree with these measurements.
W. CONCLUSION
We present total dose and displacement damage data along with proton and heavy ion test results and analysis quantifying the SEU characteristics of C-HIGFET GaAs logic and idenbfy it as an attractive, low power option for high speed applications in space radiation environments.
superior to alternate technologies, and data suggest the potential for additional improvements. Upset equilibrium measurements show that for this device the cross section curve is a result of a probability distrhtion that applies for all cells equally rather than a Wbution of cell sensitivities. The data set enables evaluation of important test and analysis issues related to small geometry devices suggesting that hvo-dimensional assumptions may not be valid. In such cases it may be necessilly to measure the dependence of the cross section on incident angle to d d a t e proposed geometrical corrections to the traditional cros section versus effective LET curve. 
